Abstract-We present a high-resolution optical frequency domain reflectometry for characterization of group refractive index of waveguides in photonic integrated circuits. The method provides a relative accuracy of 10 -4 for group refractive index measurements and of 10 -3 for its dispersion.
I. INTRODUCTION
Optical parameters such as propagation loss, group and phase refractive indices can provide a measure for the quality and reproducibility of the technological process of photonic integrated circuits (PICs). The measurement of these parameters, including their wavelength dependence and the statistics of their variability, is critically important for understanding the behavior of PICs and for tracking fabrication errors [1] . It is possible to discover the variations in waveguide dimensions by characterization of group refractive index, but this requires a very accurate method. Many approaches have been proposed in literature [1, 2] . On-chip interferometers have been used to experimentally extract the group refractive index with high accuracy, but such structures cannot be embedded alongside target devices [1] . Optical frequency domain reflectometry (OFDR) enables measurement of group refractive index within a compact single waveguide structure. However, the accuracy is limited by the temporal resolution of the method [2] . In our work, we propose and validate a high resolution OFDR method with deembedded group velocity dispersion to improve measurement accuracy for the group refractive index by an order of magnitude. The method also provides an estimation of the wavelength dependence of group refractive index with a relative accuracy of 10 . To our knowledge, this data surpasses other OFDR-results published to date. Finally, we have experimentally confirmed the temporal resolution of the OFDR method and we have applied this method to characterize the group refractive indices of shallow-and deep-etched waveguides.
II. OFDR METHOD AND ACCURACY
The working principle of the OFDR method has been discussed in reference [3] . It is possible to determine the group refractive index of the straight waveguides in as-cleaved chips based on eq. (1) [4] . (1) where c is the speed of light in vacuum, τf and τb are the time delays of front and back facet reflections and Lchip is the length of the integrated chip. The accuracy of the group refractive index is then determined by 1. the chip length and 2. the measured time delay difference.
A. The relative error of the chip length
The variation of the chip length, δLchip, may be determined from the cleaving process, which can be up to tens of micrometers. In this work, we have designed an on-chip micro-scale ruler at the four corners of the chip to measure the chip length after cleaving with measurement accuracy limited by microscope imaging to approximately 1 μm. Fig. 1(a) shows the mask layer definition of the ruler. Fig. 1(b) shows the microscope photograph of the fabricated ruler after cleaving. In our case, this results in a relative error of the chip length (δLchip/Lchip) of 2•10 -4 , where Lchip is 4600 μm.
B. The relative error of the time delay difference
The error of the time delay difference δ(τb-τf) in an ideal waveguide is inversely proportional to the frequency span (1/∆f) [4] . However, non-linear waveguide dispersion leads to a broadening of the reflection peaks which are observed in OFDR [5] . Therefore, the waveguide dispersion must be de-embedded to improve the temporal resolution. We provide a numerical algorithm to realize it: First, we sequentially apply the FFT to spectral windows. Each window is defined by the central wavelength λi and the width of the rectangular window Δw. This allows the extraction of the temporal traces at different wavelengths λi. Second, the group refractive index at each λi is defined according to eq. (1). The time delay differences are retrieved from the first step. A narrow Δw contributes to a good estimation of group refractive index at λi due to small dispersion, while at the expense of a poor temporal resolution. A Δw of 20 nm gives a relative temporal resolution of 3•10 -3
. Third, the effective refractive index neff(λ) is extracted according to eq. (2)
where a = neff(λ0)=3.23, b = neff ' (λ0), c = neff
(λ0). Fourth, perform the FFT to the modified power spectrum P(λ•neff(λ0)/neff(λ)) instead of the raw data P(λ) with a rectangular window. Fifth, calculate ng(λ0) by using the time delay difference from the corrected result. In this way, the dispersion induced limitations to the temporal resolution and the accuracy of the group refractive index will be removed.
III. MEASUREMENTS
The OFDR system is experimentally investigated with the DUT fabricated by Smart Photonics through the JePPIX.eu multi-project wafer (MPW) service. The DUT contains shallow-and deep-etched straight waveguides based on indium-phosphide (InP) with width of 2 μm and 1.5 μm, respectively. A wavelength span of 100 nm with a step of 0.01 nm of the tunable laser source (Agilent 81600B) is used in our measurements. The interference fringes of the transmitted light are recorded by a power meter (Agilent 81636B). Data processing is done by following the numerical algorithm discussed above. We use a moving rectangular window with a width of 20 nm. The distributions of the reflections as a function of the time delay before and after de-embedding dispersion are shown in Fig. 2(a) . It shows a much sharper peak of the back facet reflection after de-embedding dispersion. The inset is a zoomed picture of the back facet reflections. Therefore its location τb can be determined with much higher accuracy, limited by the temporal resolution of the OFDR. We use the full width at half maximum (FWHM) of the back reflection peak to determine the temporal resolution δ(τb-τf). The distribution of the relative error in time delay difference δ(τb-τf)/(τb-τf) of 50 independent back reflection peaks is calculated and plotted in Fig. 2(b) . A fitted Gaussian curve of the distribution is shown as the red line, indicating a relative error of time delay difference of (5.4±1.7)•10 -4
. The wavelength dependent group refractive index ng(λ) is extracted, for both shallow-and deep-etched waveguides, shown as Fig. 2(c) . The error bar is determined by the deviation of the measured results.
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